Generalized kinetic master plots for the thermal degradation of polymers following a random scission mechanism by Sánchez-Jiménez, P.E. et al.
1 
 
GENERALIZED KINETIC MASTER PLOTS FOR THE THERMAL 
DEGRADATION OF POLYMERS FOLLOWING A RANDOM SCISSION 
MECHANISM. 
 
Pedro E. Sánchez-Jiménez, Luis A. Pérez-Maqueda, Antonio Perejón and José M. 
Criado. 
Instituto de Ciencia de Materiales de Sevilla, C.S.I.C.-Universidad de Sevilla, C. 
Américo Vespucio nº49, 41092 Sevilla, Spain 
 
Abstract 
In this paper, the f(α) conversion functions for random scission mechanisms have been 
proposed in order to allow for the construction of generalized master plots suitable for 
these kind of mechanisms. The master plots have been validated by its application to 
simulated data and to the thermal degradation of polybutylenterephtalate, polyethylene 
and polytetrafluoroethylene. 
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The kinetic modelling of solid state reactions keeps raising a broad interest in materials 
science and engineering. A reliable evaluation of the kinetic parameters that govern a 
process provides a valuable insight into the mechanism followed by the reaction. A 
proper kinetic analysis calls for the determination of the kinetic triplet, namely, the 
activation energy, E; the pre-exponential factor, A; and the kinetic model, f(α). This 
latter parameter, also known as conversion function, is an algebraic expression that is 
associated with the physical model that describes the kinetics of a reaction.1-2 A number 
of different methods have been developed over the years for extracting kinetic 
information from experimental data, many requiring the experimental data to be 
obtained under certain experimental conditions.3-12 Thus, isothermal, non isothermal, or 
the recent combined analysis methods have been proposed. Recently, the so called 
“model-free” methods, that allow determining the activation energy of a process as a 
function of the degree of conversion without any previous assumption of the kinetic 
model, have attained great popularity.12-19 However, they do not directly yield the 
reaction kinetic model, although methods for its evaluation have been developed with 
the use of master plots. 20-23 Master plots are reference theoretical curves that depend on 
the kinetic model but are independent of the kinetic parameters, E and A. Experimental 
data can easily be transformed into experimental master plots and compared with the 
theoretical ones determined for the different kinetic models.  
Kinetic Analysis is equally important in the field of thermal stability of polymers. The 
development of workable models able to describe the decomposition processes and to 
determinate materials response to different thermal conditions has been the concern of 
many authors and extensive work has been produced during last decades.24 However, 
degradation of polymers is a complex phenomenon and despite the great deal of 
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research performed on this subject, a high controversy still remains.  The difficulty of 
determining the proper kinetic model of polymer degradation reaction has prompted that 
most of the works found in the literature resort to model-free methods, 19,25-28 or just 
assume first or “n-order” kinetic models without reporting arguments that support this 
assumption.29-37  However, a recent work has proven that thermal degradation of 
polymers do not necessarily take place through first or “n-order” kinetics and other 
mechanisms such as diffusion or random scission can control the decomposition 
reaction.38 The use of master plots in thermal degradation of polymers would help to 
discriminate the kinetic model without the previous assumption of a particular 
conversion function that does not guarantee the proper description of the degradation 
mechanism. While a set of master plots applicable to experimental data recorded under 
any heating profile has already been proposed in this journal,23 they cannot be applied 
as proposed to random scission kinetic models due to the impossibility to express f(α) as 
a function of the reacted fraction in a closed form. As random scission is one of the 
most usual mechanisms in degradation of polymeric materials, 36,39-45 the extension of 
the master plots in order to cover these situations is of the utmost interest.  
In this work, the original Simha-Wall equation for depolymerisation processes 46 has 
been reformulated in such a way that the reaction rate can be directly expressed as a 
function of f(α), time or temperature. Then, making use of the new equations, the 
generalized master plots 23 have been extended to random scission mechanisms, The 
evaluation of the proposed random scission kinetic model and its corresponding master 
plot has been carried out by simulated and experimental curves alike. The latter were 
obtained from the thermal degradation of three commercial polymers: 




2. Proposal of a new kinetic model for random scission mechanisms 
The reaction rate, dα/dt, can be described by the following equation: 
      fRTEAkf
dt
d  exp                                             (1), 
where A is the Arrhenius pre-exponential factor, R is the gas constant, E the activation 
energy, α the reacted fraction, T is the process temperature and f(α) the kinetic model, 
which accounts for the reaction rate dependence on α. Table 1 shows the functions 
corresponding to the most common models in the literature. Decomposition of a 
polymer by random scission implies a random cleavage of bonds along the polymer 
chains, producing fragments of progressively shorter length that will eventually 
evaporate when the size is small enough.24 According to Simha-Wall 46, the cleavage of 
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where x, N and L are the fraction of bonds broken, the initial degree of polymerization 
and the minimum length of the polymer that is not volatile, respectively. As L is usually 
negligible in comparison to N, Eq. (3) can be simplified to: 




Most thermal degradation studies are carried out by thermogravimetry because the mass 
lost can be easily related to the conversion. However, in the case of random scission 
mechanisms only the broken bonds that produce fragments small enough would actually 
evaporate and therefore be detected as mass loss. That problem is solved by Eq. (4), 
which establishes a relationship between the detected mass loss and the actual reacted 
fraction in terms of fraction of bonds broken. This relationship is shown graphically in 
Figure 1, assuming L values ranging from 2 to 8. However, as x cannot be measured by 
conventional techniques and L is very difficult to obtain experimentally, the application 
of Eq. (4) has been severely limited. Nevertheless, by differentiating Eq. (4), and 
incorporating Eq. (2) we get: 
)1()1()1( 2 xkxxLL
dt
d L                           (5) 
This way, taking into account Eq. (1), we can get from Eq. (5) the conversion function 
f(α) which is characteristic of a random scission model: 
  1)1()1()(  LxxLLf                                         (6) 
Many kinetic analysis methods involve the fitting of experimental data to a certain 
kinetic model. This requires the f(α) functions for the different models to be previously 
known. Thus, if random scission mechanisms are to be used in this way, f(α) must be 
determined. However, a symbolic solution can only be reached for L=2. In this latter 
case, from Eq. (1) and Eq. (6) we obtain: 
)(2 2/1   k
dt
d
                             (7) 
Therefore, f(α) must be: 
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)(2)( 2/1  f                              (8) 
Taking into account the relationship between x and α as established in Eq. (4), for any 
given L and assigning values to α, from Eq. (4) and (6) it is possible to calculate 
numerically the corresponding f(α) conversion functions, which are plotted against α in 
Figure 2a. For the sake of comparison, Figure 2 also includes the f(α) conversion 
functions corresponding to the most common kinetic models in literature: “n order” 
(2b), diffusion controlled (2c) and nucleation and growth kinetic models (2d).  Random 
scission functions have a characteristic shape which is quite different from the other 
models. Since the results of a kinetic analysis are heavily dependent on the kinetic 
model considered, random scission driven reactions could never be adequately 
described by other models, and in particular by “n-order” models, as it is often done in 
literature, and doing so will only result in obtaining incorrect kinetic parameters. 
However, the random scission kinetic model could be described by the modified Sestak-
Berggren expression that was proposed as a fitting equation for the combined kinetic 
analysis procedure. 42,47  
 
3. Generalized Master Plots 
In a previous paper the generalized kinetic equations introduced by Ozawa 48 was used 
for the proposal of universal master plots that were valid for experimental data recorded 
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where, considering the integral of Eq. (1), it is clear that θ represents the time needed to 
reach a certain α value at infinite temperature. By differentiating Eq. (9) the following 
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dα/dθ being the generalized reaction rate that, according to Eqs. (1), (11) and (12), 
represents the reaction rate extrapolated at infinite temperature as previously shown by 
Ozawa.49 Since the previous knowledge of the activation energy allows for the 
extrapolation to infinite temperature of experimental data recorded under any heating 
profile, Eq. (12) should be valid for the analysis of any data, independently of the 
temperature profile under which they were obtained. From Eq. (11) and taking α = 0.5 










                           (13) 
As f(0.5) is constant for a certain kinetic model, Eq (13) indicates that for a given α, the 
reduced-generalized reaction rate, (dα/dθ)/(dα/dθ)α=0.5, would be equivalent to 
f(α)/f(0.5) when the proper f(α) is selected to describe the process. From Eq. (12) and 
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Eq. (13), the relationship between the generalized reaction rate and the experimental 
data can be established: 

















               (14), 
where T0.5  represents the temperature corresponding to α = 0.5. In the case of 
experimental data obtained under isothermal conditions, the exponential term of the 
second half in Eq. (14) cancels and the equations becomes: 











                  (15) 
On the other hand, for experimental data recorded under non isothermal conditions, the 
previous knowledge of the activation energy is required in order to construct the 
experimental master plots. By plotting together versus α the generalized reaction rate, as 
calculated from Eq. (14) (or Eq. (15) for isothermal conditions), and the fraction 
f(α)/f(0.5), corresponding to different theoretical kinetic models, it is possible to deduce 
by comparison the kinetic model followed by the process. It must be noted that, 
according to Eq. (14), for non isothermal experiments a single activation energy value is 
assumed. Therefore, for this analysis procedure to be valid, the studied process must 
obey single step kinetics. Here resides the importance of the previous isoconversional 







4. Random Scission Master Plots 
The reduced-generalized reaction rate for random scission models is derived from Eq. 
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According to Eq (15), in the case of isothermal conditions, (dα/dθ)/(dα/dθ)α=0.5  and 
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The generalized master plots for random scission mechanisms can now be constructed 
numerically by giving values to x and plotting Eq (17) against α. The resulting curves 
are plotted in Fig 3 for different values of L and compared with the master plots 
corresponding to the rest of the kinetic models in Table 1. As it can be clearly noticed, 
random scission master plots could be distinguished easily due to the maximum they 
show at α values of around 0.275. Diffusion and “n-order” master plots present no 
maximum while the master plots corresponding to nucleation and growth laws have it at 
α = 0.4 or higher.  
 
5. Experimental 
Commercial Polybutyleneterephtalate (Aldrich, product number 435147), 
polytetrafluoroethylene (Aldrich, product number 182478) and polyethylene (Aldrich, 
product number 332119, medium density d=0.940) were used in this work. 
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Thermogravimetry measurements were carried out with a homemade TGA instrument 
that uses a CI Electronics Ltd electrobalance connected to a gas flow system to work in 
inert atmosphere (70 cc min-1 N2). Small samples (9mg) were used in order to minimize 
heat and mass transfer phenomena. They were placed on a 1 cm diameter platinum pan 
inside a low thermal inertia homemade furnace. The instrument allows working either 
under conventional linear heating conditions or under constant rate conditions (CRTA). 
A description of the experimental set-up can be found in references.50-52  
 
6. Results and discussion 
 
6.1 Evaluation of the model by simulated curves. 
As it has been stated before, the generalized master plots are valid whatever the 
experimental conditions used for recording the data. Hence, they will be tested by its 
application to curves simulated assuming both linear heating and controlled rate 
conditions. Fig 4a shows a set of α-T curves simulated according to the following 
kinetic parameters: random scission L=2, E = 150 kJ mol-1 and A = 1011 s-1. Curves 
were constructed assuming linear heating programs of 1, 2 and 5 K min-1.  Fig 4b 
includes a curve simulated assuming the same kinetic parameters and a constant 
reaction rate of 0.06 min-1. 
The activation energy was calculated by means of the Friedman isoconversional 
method, a model-free method used for estimating the activation energy as a function of 
the reacted fraction. 5  Eq. (1) is a general equation that makes no assumption regarding 
the temperature profile under which the experimental data is recorded. Therefore, 
Friedman method can be applied simultaneously to kinetic data obtained under any 
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heating profile. 47,53 It should be noted that no previous assumption on the kinetic model 







 )(lnln                                        (18) 
The activation energy can be determined from the slope of the plot of the left hand side 
of Eq. (18) against the inverse of the temperature, at constant values of α. As expected, 
a value for E of 150 kJ mol-1 and a linear correlation coefficient of 1 is obtained from 
Friedman analysis. Fig 5 contains the theoretical generalized master plots corresponding 
to some of the kinetic models included in Table 1 besides the random scission models 
here proposed. As random scission master plots are very similar only two of them have 
been included in the graph. Theoretical master plots were drawn by means of the 
fraction f(α)/f(0.5). The generalized master plot corresponding to the simulated curves, 
calculated according to Eq. (14) using the 150 kJ mol-1 activation energy obtained from 
Friedman method, are also included for comparison. Fig 5 illustrates clearly that the 
generalized master plots corresponding to the simulated curves match perfectly the one 
constructed according to L2 random scission models. 
 
6.2 Evaluation of the model by analyzing experimental data. 
In order to confirm the validity of the proposed equations, the same kinetic analysis by 
Friedman model-free and generalized master plots methods has been applied to the 
study of the thermal degradation of three commercial polymers: polybutylenterephtalate 
(PBT), polyethylene (PE) and polytetrafluoroethylene (PTFE). Experiments were 
performed in every case under both conventional linear heating and controlled rate 
conditions. The activation energy obtained in each case from the Friedman method has 
12 
 
been used for the construction of the generalized master plots for obtaining the kinetic 
model followed by each decomposition process. Friedman method was selected for 
performing the kinetic analysis due to its capacity to yield accurate values for the 
activation energy even if it were a function of the reacted fraction.13 
Fig 6a includes a set of 3 experimental decomposition curves corresponding to the 
decomposition of PTFE that were recorded under linear heating conditions at 1, 2 and 5 
K min-1.  Fig 6b shows the decomposition curve obtained under a constant rate of 5 10-4 
min-1. All curves from Fig 6 were analyzed simultaneously by means of Friedman 
method using Eq. (18). In Table 2 the evolution of the activation energy with the degree 
of conversion is shown. The activation energy is approximately constant during the 
entire process and the correlation factors resulting from the analysis are 0.998 or higher. 
In order to determine the kinetic model the reaction follows, the generalized master 
plots for every experimental curve in Fig 6 are constructed according to Eq. (14), using 
the activation energy (285 kJ mol-1) obtained from the isoconversional analysis. The 
results are illustrated in Fig 7, where the experimental master plots are compared with 
those calculated assuming several ideal models, including the newly proposed random 
scission ones. It is clear from Fig 7 that experimental master plots appear to follow first 
order kinetics. A slight deviation is observed at low values of α, which is due to the 
expected separation of the real process from the ideal model. It is noteworthy to point 
out that kinetic models listed in table 1 were proposed assuming certain ideal physical 
and geometrical conditions that are difficult to fulfill in real systems. This result is 
coincident with that obtained for this very same system in a previous work by means of 
a different kinetic analysis method.38  
Fig 8 shows the experimental decomposition curves corresponding to the thermal 
degradation of polyethylene, recorded under both linear heating conditions at 1, 2 and 
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10 K min-1 (Fig 8a); and a constant rate of 1.6 10-4 min-1 (Fig 8b). In Table 2 the 
activation energy as a function of α obtained from Friedman isoconversional method is 
shown.  Again, correlation factors obtained from Friedman plots are over 0.996 and 
activation energy values that lie within a short range are obtained. Fig 9 shows the 
comparison between the generalized master plots, constructed from ideal kinetic models 
from table 1, and those constructed for each experimental curve in Fig 8 according to 
Eq. (14), using a value for the activation energy of 255 kJ mol-1, as obtained from the 
isoconversional analysis. The master plots obtained for experimental curves present a 
consistent shape that approximate a process driven by a diffusion mechanism, which 
corresponds nicely with the result obtained for this process in a previous paper by 
means of a combined kinetic analysis method. 38   
Lastly, Fig 10a includes a set of 3 experimental decomposition curves corresponding to 
the decomposition of PBT recorded under linear heating conditions at 1, 2 and 5 K min-
1 while Fig 10b shows the decomposition curve obtained under a constant rate of 1.4 10-
5 min-1. The activation energy calculated by means of Friedman method as a function of 
the degree of conversion is included in Table 2. Correlation factors are over 0.998 and 
the activation energy keeps a fairly constant value during the whole reaction, which 
indicates it is a one-step process. Generalized master plots are constructed using the 
value of the activation energy obtained from the isoconversional analysis (182 kJ mol-1), 
and plotted together with the master plots corresponding to the ideal kinetic models in 
Figure 11. This figure clearly illustrates that the shape of the generalized master plot 
curve corresponding to the thermal degradation of PBT has a very close resemblance to 
a random scission model, albeit somewhat displaced. This deviation can be attributed to 




7.   Conclusions 
In this work, generalized master plots for reactions driven by random scission have been 
proposed for the first time. For that, Simha-Wall equations for the description of 
random scission mechanisms had to be reformulated in order to develop the f(α) 
conversion functions that are needed for the construction of the ideal random scission 
master plots. These new equations have been validated by its application to both 
simulated and experimental curves. Experimental data was obtained from the thermal 
degradation of three commercial polymers that decompose through three different 
mechanisms: polytetrafluoroethylene, polyethylene and poly(1,4-butylene)terephtalate. 
Experimental curves obtained under linear heating and sample controlled conditions 
have been analyzed simultaneously by Friedman model-free method, obtaining the 
activation energy characteristic for the process. On the other hand, the comparison 
between the master plots constructed from the experimental data and the plots 
constructed from the most usual kinetic models in literature has allowed for the 
deduction of the kinetic model that drives each thermal decomposition reaction. 
Therefore, first order, diffusion and random scission has been deduced as the 
mechanisms that govern the thermal degradation of polytetrafluoroethylene, 
polyethylene and poly(1,4-butylene)terephtalate, respectively. Additionally, it has been 
demonstrated that since random scission conversion functions are completely different 
from first order or “n-order” ones, random scission driven reactions could never be 
correctly described by means of “n-order” empirical models, as it is done frequently in 
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TABLE   1.   f() kinetic  functions  for the most widely used kinetic models,  including the newly 
proposed random scission model. 
 
Mechanism Symbol f() 
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Random nucleation followed by an 
instantaneous growth of nuclei. 
(Avrami-Erofeev eqn. n =1) 
          F1  )1(   
 
Random nucleation and growth of nuclei 
through different nucleation and nucleus 
growth models. (Avrami-Erofeev eqn 
≠1.) 








































TABLE  2.  Activation energy values at different values of conversion and their 
correlation coefficients, obtained by the Friedman isoconversional analysis of the 
thermal decomposition of polytetrafluoroethylene (PTFE), polyethylene (PE) and 
poly(1,4-butylen) terephtalate (PBT). 
 
 







0.1  0.998  299±6  0.1  0.997  246±8  0.1  0.999  182±4 
0.2  1.000  286±3  0.2  0.996  246±16  0.2  1.000  182±4 
0.3  1.000  282±4  0.3  0.999  259±10  0.3  1.000  180±4 
0.4  0.999  286±6  0.4  0.998  256±13  0.4  1.000  180±4 
0.5  0.999  285±5  0.5  0.998  255±13  0.5  1.000  181±3 
0.6  1.000  282±4  0.6  0.999  259±9  0.6  1.000  182±3 
0.7  0.999  280±4  0.7  0.998  254±11  0.7  1.000  183±2 
0.8  0.998  291±8  0.8  0.998  255±10  0.8  1.000  185±2 












Figure 1: Relationship between the actual fraction of bonds broken (x) and the conversion, 
α, for different random scission kinetic functions, according to Eq. (4). The rightmost 
curve was plotted assuming L=2 while the leftmost for L=8. Curves assuming L=3 to L=7 
lie in-between them. 
Figure 2: The f(α) conversion functions for: (a) the newly proposed random scission 
model, plus the different kinetic models most commonly used in literature, (b) diffusion 
controlled, (c) “n order” and (d) nucleation and growth kinetic models. 
Figure 3:  Generalized master plots corresponding to the different kinetic models in Table 
1 as constructed from Eq. (13) and (17). (a) Random scission models; (b) diffusion 
controlled models; (c) “n order” models and (d) nucleation and growth models. 
Figure 4.  Curves simulated assuming a random scission L2 model, E = 150kJmol-1, 
A=1011 s-1 and the following heating profiles: (a) linear heating rate of 1, 2 and 5 K min-
1 and (b) controlled rate of 0.06 min-1. 
Figure 5.  Comparison between the generalized master plots constructed for the different 
simulated curves included in Figure 4 (symbols) and the master plots corresponding to 
some of the ideal kinetic models included in table 1 (solid lines). 
Figure 6. Experimental curves obtained for the thermal decomposition of 
polytetrafluoroethylene under the following experimental conditions: (a) linear heating 
rate of 1, 2 and 5 K min-1 and (b) sample controlled degradation rate of 5 10-4 min-1. 
21 
 
Figure 7. Comparison between the generalized master plots corresponding to the 
experimental curves in Fig 6 with the theoretical master plots constructed from the ideal 
kinetic models in Table 1.  
Figure 8. Experimental curves obtained for the thermal decomposition of polyethylene 
under the following experimental conditions: (a) linear heating rate of 1, 2 and 10 K 
min-1 and (b) sample controlled degradation rate of 1.6 10-4 min-1. 
Figure 9.  Comparison between the generalized master plots corresponding to the 
experimental curves in Fig 9 with the theoretical master plots constructed from the ideal 
kinetic models in Table 1.  
Figure 10. Experimental curves obtained for the thermal decomposition of poly(1,4-
butylene)terephtalate under the following experimental conditions: (a) linear heating 
rate of 1, 2 and 5 K min-1 and (b) sample controlled degradation rate of 1.4 10-5 min-1. 
Figure 11.  Comparison between the generalized master plots corresponding to the 
experimental curves in Fig 10 with the theoretical master plots constructed from the ideal 












Figure 1: Relationship between the actual fraction of bonds broken (x) and 
the conversion, α, for different random scission kinetic functions, according 
to Eq. (4). The rightmost curve was plotted assuming L=2 while the 














Figure 2: The f(α) conversion functions for: (a) the newly proposed 
random scission model, plus the different kinetic models most commonly 
used in literature, (b) diffusion controlled, (c) “n order” and (d) 










Figure 3: Generalized master plots corresponding to the different kinetic 
models in Table 1 as constructed from Eq. (13) and (17). (a) Random 
scission models; (b) diffusion controlled models; (c) “n order” models and 













Figure 4.  Curves simulated assuming a random scission L2 model, E = 
150kJmol-1, A=1011 s-1 and the following heating profiles: (a) linear 












Figure 5.  Comparison between the generalized master plots constructed 
for the different simulated curves included in Figure 4 (symbols) and the 
master plots corresponding to some of the ideal kinetic models included in 












Figure 6. Experimental curves obtained for the thermal decomposition of 
polytetrafluoroethylene under the following experimental conditions: (a) 
linear heating rate of 1, 2 and 5 K min-1 and (b) sample controlled 















Figure 7.  Comparison between the generalized master plots corresponding 
to the experimental curves in Fig 6 with the theoretical master plots 












Figure 8. Experimental curves obtained for the thermal decomposition of 
polyethylene under the following experimental conditions: (a) linear 
heating rate of 1, 2 and 10 K min-1 and (b) sample controlled degradation 














Figure 9.  Comparison between the generalized master plots corresponding 
to the experimental curves in Fig 9 with the theoretical master plots 












Figure 10. Experimental curves obtained for the thermal decomposition of 
poly(1,4-butylene)terephtalate under the following experimental 
conditions: (a) linear heating rate of 1, 2 and 5 K min-1 and (b) sample 












Figure 11.  Comparison between the generalized master plots 
corresponding to the experimental curves in Fig 10 with the theoretical 








TABLE OF CONTENTS IMAGE 
 
 
 
